Mantle cell lymphoma (MCL) is a B-cell non-Hodgkin lymphoma of which at least a subset arises from antigen-experienced B cells. However, what role antigen stimulation plays in its pathogenesis remains ill defined. The genetic hallmark is the chromosomal translocation t(11;14) resulting in aberrant expression of cyclin D1. Secondary genetic events increase the oncogenic potential of cyclin D1 and frequently inactivate DNA damage response pathways. In combination these changes drive cell-cycle progression and give rise to pronounced genetic instability. Several signaling pathways contribute to MCL pathogenesis, including the often constitutively activated PI3K/AKT/ mTOR pathway, which promotes tumor proliferation and survival. WNT, Hedgehog, and NF-B pathways also appear to be important. Although MCL typically responds to frontline chemotherapy, it remains incurable with standard approaches. Proteasome inhibitors (bortezomib), mTOR inhibitors (temsirolimus), and immunomodulatory drugs (lenalidomide) have recently been added to the treatment options in MCL. The molecular basis for the antitumor activity of these agents is an area of intense study that hopefully will lead to further improvements in the near future. Given its unique biology, relative rarity, and the difficulty in achieving long-lasting remissions with conventional approaches, patients with MCL should be encouraged to participate in clinical trials. (Blood. 2011; 117(1):26-38)
Diagnosis, clinical course, and the origin of MCL
Mantle cell lymphoma (MCL), a mature B-cell neoplasm defined as a distinct entity in the early 1990s constitutes ϳ 6% of all non-Hodgkin lymphomas (NHLs). [1] [2] [3] [4] MCL is typically disseminated at presentation, with a leukemic component in 20%-30% of patients. Classic and blastoid variants are recognized, the latter associated with inferior clinical outcome ( Figure 1A ). The genetic hallmark of MCL is the translocation t(11;14)(q13;q32) leading to aberrant expression of cyclin D1, which is not typically expressed in normal lymphocytes ( Figure 1B ). However, cyclin D1-negative cases having typical morphology and gene expression profile have been described and often show overexpression of cyclin D2 or D3. 5 Recently, SOX11 has been described as a diagnostic maker that is equally expressed in D1-positive and D1-negative MCL. 6, 7 MCL is one of the most difficult to treat B-cell lymphomas. Although conventional chemotherapy induces high-remission rates in previously untreated patients, relapse within a few years is common, contributing to a rather short median survival of 5-7 years. 8, 9 The best predictor of survival is tumor proliferation ( Figure 1C ). 5 Intensification of first-line treatment has improved progression-free survival, but no curative regimen has been defined so far. 2, 3 In MCL, as in chronic lymphocytic leukemia (CLL), the variable region of the expressed immunoglobulin heavy chain gene (IGHV) displays either germline configuration (Ig-unmutated), as found in naive B cells, or contains somatic mutations (Ig-mutated), indicating a response to antigen. In CLL, the presence or absence of somatic mutations identifies 2 disease subtypes with divergent clinical outcome. In contrast, in MCL, the prognostic role of the IGHV mutation status has not been confirmed. 1 However, a subset of leukemic MCL cases that are characterized by minimal nodal involvement and a relatively indolent course often belong to the Ig-mutated subtype. 10, 11 Absence of SOX11 expression has recently been identified as a characteristic feature of this indolent subtype. 11 MCL has been thought to originate from naive, pre-germinal center (GC) lymphocytes. However, several observations suggest that this is not always the case. MCL cells show biased use of certain IGHV genes, especially IGHV3-21, IGHV3-23, IGHV4-34, and IGHV4-59, and up to 40% of cases show somatic mutations of the IgVH gene. 10, [12] [13] [14] Mutations are frequent in IGHV3-23 and IGHV4-59 genes and often occur in so called hotspot regions. 13 IGHV3-21 is almost exclusively found in germline configuration and is commonly paired with the light chain IGLV3-19. 14 Many IGHV3-21-expressing tumors show virtually identical amino acid sequences in the CDR3 region. Interestingly, the structure of the IGHV3-21 CDR3 region differs between MCL and CLL, suggesting a different antigen specificity of the B-cell receptor (BCR) in these 2 malignancies. 15 Combined, these findings indicate that at least a subset of MCL, similar to CLL, is derived from antigenexperienced B cells. In keeping with this notion is the expression of genes that code for chemokine receptors involved in trafficking after initial B-cell activation. 16 Furthermore, almost one-half of MCL cases express at least 1 immunohistochemical marker characteristic of a GC or post-GC phenotype, in particular IRF4. 17 In rare cases plasma cell differentiation of the clonal cells has been reported. 18, 19 A partial plasmacytic phenotype characterized by relatively stronger CD38 and IRF4 expression is more common and can identify a biologically distinct subset of MCL. 20 Cyclin D1, at the center of MCL pathogenesis Whether the t (11;14) translocation and the resultant aberrant expression of cyclin D1 is the initiating event in the pathogenesis is difficult to ascertain, but likely given its key role in MCL biology and its continued importance for tumor proliferation and clinical outcome. 21 The CCND1 gene consists of 5 exons, which can be alternatively spliced to cyclin D1a and D1b isoforms ( Figure 1D ). In most cases cyclin D1a and D1b mRNAs are coexpressed. However, D1b protein is not consistently detected, 22 and its contribution, if any, to MCL pathogenesis remains elusive. Cyclin D1a contains a long 3Ј untranslated region (UTR) harboring mRNA destabilizing elements that limit its half-life to ϳ 30 minutes. 21 In addition, miR15/16 can bind the 3Ј UTR and inhibit cyclin D1 translation. 23, 24 Abundant cyclin D1a transcripts that lack the full-length 3Ј UTR are commonly found in highly proliferative tumors and predict short survival. 21 Genomic deletions and point mutations in the 3Ј UTR give rise to these short cyclin D1a transcripts that are more stable than the full-length mRNA. In addition, the truncation removes the miR binding sites. Combined, these additional events enhance the influence of the t(11;14) by generating higher and prolonged cyclin D1 mRNA and protein expression, resulting in higher tumor proliferation and shorter survival of patients with MCL. 21 Cyclin D1, at the center of MCL pathogenesis. Cyclin D1 mRNA stability and translation is increased by the PI3K/AKT/mTOR pathway. Cyclin D1 translocates into the nucleus and forms a holoenzyme with CDK4/6 to phosphorylate the retinoblastoma protein (RB), resulting in the release of E2F transcription factors and G1/S phase transition. In addition, cyclin D1/CDK4 complexes have kinase-independent functions, notably binding of the cell-cycle inhibitor p27kip, which is thereby titrated away from cyclinE/CDK2 complexes further promoting cell-cycle progression. Cyclin D1/CDK4 inhibits degradation of CDT1, the rate-limiting factor in DNA replication. Stabilization of CDT1 in S phase can induce the replication of already transcribed chromosomal segments, giving rise to increased numbers of double strand breaks and activation of DNA damage checkpoints. In S phase cyclin D1 is phosphorylated on threonine 286 by GSK3␤, exported from the nucleus by CRM-1, polyubiquitinated by the E3 ligase SCF(FBX4-␣B Crystallin), and degraded through the proteasome (reviewed in Kim and Diehl 28 For personal use only. on April 13, 2017 . by guest www.bloodjournal.org From Cyclin D1a, a 30-kDa labile protein, forms a complex with the cyclin-dependent kinase CDK4 or CDK6 to promote cell-cycle entry ( Figure 2 ). Both of these CDKs are often overexpressed in MCL. The CDK4 locus is frequently amplified, 25 and decreased expression of miR-29, which targets CDK6, can lead to increased CDK6 expression and identifies patients with short survival. 26 Transcription, translation, assembly into holoenzyme complexes, subcellular localization, and degradation of cyclin D1 are tightly regulated. Although overexpression of cyclin D1 is not transforming in nude mice, additional events that increase nuclear cyclin D1 levels enhance its oncogenic potential. Mutation of threonine 268 to alanine prevents phosphorylation by glycogen synthase kinase 3 ␤ (GSK3␤), thereby inhibiting cyclin D1 nuclear export. This mutant protein is potently transforming and induces a mature B-cell lymphoma in transgenic mice. 27 In the cytoplasm cyclin D1 is polyubiquitinated by the E3 ligase SKp1-Cul1-F box protein (SCF; FBX4-␣B Crystallin) and degraded through the proteasome. 28 The T268A mutation and mutations in the E3 ubiquitin ligase complex increase nuclear cyclin D1 expression and have been detected in solid tumors. 29, 30 Although no such mutations have been described in MCL, phosphatidyl inositol-3 kinase (PI3K)/ AKT-mediated inhibition of GSK3␤ could have a similar effect and contribute to cyclin D1 dysregulation in MCL.
Genetic instability and the role of DNA damage pathways
MCL is one of the B-cell malignancies with the highest degree of genomic instability, and a large number of secondary chromosomal For personal use only. on April 13, 2017 . by guest www.bloodjournal.org From alterations have been described in MCL, including losses, gains, and amplifications of chromosomal regions that contain genes involved in cell-cycle regulation, DNA damage response pathways, signal transduction, and apoptosis (Table 1) . 4 Recently, uniparental disomy has been described in a large number of cases and contributes to the inactivation of tumor suppressor genes. For example, one of the most commonly detected uniparental disomies involves the chromosomal band 17p and is associated with TP53 inactivation. 31 The origin of the genetic instability of MCL is not clear. However, aberrant reinitiation of DNA replication during the S phase because of cyclinD1/CDK4-induced stabilization of CDT1 could be an important contributor ( Figure 2) . 28 Reinitiation can generate segmental duplications and copy number variations, which are commonly found in MCL, 31 and may give rise to break prone regions that promote additional chromosomal alterations. Acquired chromosomal aberrations in DNA damage checkpoint genes and in genes related to microtubule dynamics, such as MAP2 and MAP6, can further increase genomic instability. 32 Secondary genetic alterations that affect DNA damage response pathways are of particular interest, because they may contribute to refractoriness to chemotherapy. The 11q22-23 deletions affecting the ATM gene are recurrent in MCL. The ATM kinase is critically involved in the cellular response to DNA damage and may act as a tumor suppressor gene (Figure 3) . Truncating or missense mutations involving the PI3K domain of ATM are found in most MCL cases and are commonly accompanied by the loss of the other allele. The high frequency of ATM mutations in MCL is striking and has been linked to ATM expression in naive B cells in the mantle zone. Another mechanism for the strong selective pressure on ATM mutant clones may be aberrant reinitiation of DNA replication during the S phase, leading to double-strand DNA breaks and activation of the ATM pathway. 28 A decrease in the expression of CHK1 and CHK2, 2 serine-threonine kinases downstream of S-phase checkpoints, has also been identified in cases of MCL with high chromosomal instability. 4 The tumor suppressor gene TP53, downstream of ATM, plays an important role in DNA damage responses. Mutations of TP53 typically in conjunction with 17p13 deletions have been detected primarily in blastoid MCL cases. An alternative mechanism to disrupt the p53 pathway involves overexpression of the negative regulators MDM2 and MDM4. MDM2 overexpression due to copy number gains correlates with inferior survival. Similarly, MDM4, which is also highly expressed in MCL, decreases the expression of the CDK inhibitor p21, thereby promoting cell-cycle progression. 33 Recently, high expression of the serine/threonine kinase PIM1 has been found in MCL. Consistent with the ability of PIM1 to stabilize MDM2 these tumors overexpress MDM2. 34
Molecular basis of novel treatment approaches for MCL
Cyclin D1, cell-cycle control, and DNA damage pathways have been the centerpiece of research in MCL. 35 More recently, signaling pathways that further enhance tumor proliferation, facilitate evasion of apoptosis, reduce immune control, and promote interactions with the cellular microenvironment have been identified. These include the BCR 36,37 PI3K/AKT/ mammalian target of rapamycin (mTOR), 38-41 nuclear factor-B (NF-B), 42-44 tumor necrosis factor (TNF), 36, 42 Hedgehog, 45 and WNT pathways, 5, 40, 46 and the BCL-2 family of apoptosis regulators. 42, 47 Agents targeting these pathways may provide new therapeutic options (Table 2) .
Proteasome inhibitors
The ubiquitin-proteasome system, the main nonlysosomal pathway through which intracellular proteins are degraded, exhibits 3 proteolytic activities: chymotrypsin-like (CT-L), trypsin-like, and caspase-like, each localized to a distinct 20S proteasome ␤ subunit. Bortezomib, a peptide boronic acid that reversibly inhibits primarily the CT-L activity, is the first proteasome inhibitor approved by the Food and Drug Administration (FDA). Phase 2 clinical trials of single-agent bortezomib showed durable responses in 33%-58% of patients with relapsed or refractory MCL. [48] [49] [50] Bortezomib is now increasingly combined with other agents. Interestingly, some studies suggest a sequence-dependent synergism with chemotherapy. 51 The mechanism of how bortezomib acts as an anticancer agent has been intensely investigated and may differ between disease entities. The initial hypothesis that bortezomib exerts its cytotoxic effect through inhibition of NF-B signaling is not supported by recent studies, at least not in multiple myeloma (MM) and MCL. [52] [53] [54] The discovery that bortezomib induces apoptosis in MCL through up-regulation of the BH3-only protein NOXA showed a direct proapoptotic mechanism. 55 NOXA acts as a downstream effector of an integrated cellular stress response triggered by the accumulation of undegraded, polyubiquitinated proteins that induce endoplasmic reticulum stress and the generation of reactive oxygen species. Combined, this triggers a transcriptional response that prominently involves the transcription factor NRF2, which was significantly stronger in bortezomib-sensitive tumors than in tumors of patients with inferior responses. 56 
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Ultimately, NOXA is induced by 2 cooperating mechanisms: decreased ubiquitination of histone H2A that facilitates access to the NOXA gene (PMAIP1) promoter, and joint binding of ATF3 and ATF4 that drive its transcription. 57 Finally, NOXA triggers BAK-and BAX-dependent mitochondrial apoptosis. 55 Recently, gene expression analysis of bortezomib-adapted cell lines unexpectedly showed that bortezomib-resistant MCL cells showed partial plasmacytic differentiation, including increased expression of the transcription factor IRF4 and its target genes, and of the cell-surface markers CD38 and CD138. 20 In contrast to plasma cells, plasmacytic MCL cells did not increase immunoglobulin secretion. Thus, plasmacytic differentiation in the absence of an increased secretory load may enable cells to withstand the stress of proteasome inhibition and lead to bortezomib resistance. This mirrors observations in MM, whereby high protein secretion sensitizes cells to proteasome inhibitors. 58 Importantly, MCL tumors from patients with inferior clinical responses to bortezomib also had high IRF4 and CD38 expression, identifying possible clinical markers of bortezomib resistance. 20 A second generation of proteasome inhibitors aiming for continued activity against bortezomib-resistant cells, simplified dosing schemes, and reduced toxicity is now entering the clinic. NPI-0052 (salinosporamide A), a natural product related to lactacystin, targets all 3 catalytic sites (CT-L, trypsin-like, and caspaselike), provides more potent and more durable proteasome inhibition and is active against bortezomib-resistant MM cells. 59 PR-171 (carfilzomib), a modified peptide related to the natural product epoxomicin, selectively and irreversibly disables the CT-L activity, which may explain its greater cytotoxicity. 60 MLN9708, a secondgeneration peptide boronic acid derivative, hydrolyzes to MLN2238, the biologically active form that reversibly blocks CT-L activity, and has shown preclinical efficacy in hematologic malignancies. 61 
Proteasome inhibitors
Reversible or irreversible inhibition of Cyclin D1 and cell-cycle control appear as natural targets in MCL. Two basic strategies have been pursued: down-regulation of cyclin D1 expression and inhibition of CDK function. PI3K and mTOR inhibitors can inhibit cyclin D1 translation and promote its degradation (discussed in "PI3K/AKT/mTOR"), whereas PD0332991 blocks cell-cycle progression through potent inhibition of CDK4/6. 22,62 The pan-CDK inhibitor flavopiridol, whose mechanism of action involves inhibition of RNA synthesis, has minor clinical activity as a single agent, but a modified dosing regimen has shown considerable activity in CLL 63 and is currently under investigation in MCL. 64 
BCR pathway
Recent studies reported constitutive activation of the BCR signal transduction components SYK and PKC␤ II. 36,37 SYK was amplified in both Jeko-1 cells and some primary MCL samples, but constitutive activity of SYK was only shown in the cell line. 37 Jeko-1 cells were more sensitive to an SYK inhibitor than MCL cell lines without constitutive SYK activation, indicating some dependence on the pathway. In a screen for phosphoproteins, PKC␤ II was found to be phosphorylated in primary MCL samples in contrast to normal B cells. 36 However, it was not localized to lipid rafts as would be expected after classic BCR activation. Inhibitors targeting the signaling cascade downstream of the BCR have entered clinical testing. Fostamatinib, an inhibitor of SYK, achieved a 55% response rate in CLL, but only 1 in 9 patients with MCL responded. 65 Enzastaurin, a PKC␤ inhibitor, induced no objective responses in MCL. 66 More recently, a phase 1 study of the BTK inhibitor PCI-32765 reported objective responses in a few patients with MCL. 67 Thus, a role for BCR signaling in MCL pathogenesis and the possible clinical benefit of agents targeting this pathway deserve further investigation.
PI3K/AKT/mTOR pathway
The PI3K/AKT pathway is involved in the transduction of a variety of extracellular signals and plays a prominent role in many cancers. 68 In normal B cells, PI3K functions as a transducer of BCR signaling that regulates proliferation, differentiation, apoptosis, and survival ( Figure 4 ). Gene expression profiling implicated the PI3K/AKT pathway in the pathogenesis of MCL, 40 and several key components of the PI3K/AKT/mTOR pathway are activated in MCL, 69 indicating a possible contribution of this pathway to MCL pathogenesis. Constitutive activation of AKT was found in most blastoid and many classic MCL tumors and was associated with the phosphorylation of downstream targets, including MDM2, Bad, and p27. 39,41 Furthermore, AKT mediated activation of mTOR, and its downstream targets S6K and eukaryotic initiation factor 4E-binding protein-1 (4E-BP1) can increase translation of key proteins.
Several mechanisms may cause constitutive activation of AKT, including activation of upstream kinases such as SYK, and amplification of PI3KCA, the gene encoding the catalytic subunit p110␣. 70 In contrast to solid tumors, no activating somatic mutations of PI3KCA have been identified. 41, 70 Loss of PTEN, a phosphatase that turns the PI3K pathway off, is another recurrent feature in MCL and may be the result of mutations, deletions, or promoter methylation. 41 PTEN can also be inactivated by phosphorylation at serine 380 and threonine 382/383, which has been found 39 The mechanism of PI3K/AKT/mTOR activation can determine the therapeutic potential of small molecule inhibitors. In tumors addicted to an upstream kinase such as SYK, PI3K/AKT signaling can effectively be turned off by inhibition of the upstream kinase. In contrast, in tumors with constitutive activation of PI3K or AKT, inhibitors directed at these kinases may be required.
PI3K inhibitors. The PI3K inhibitor Ly294002 induces p27 accumulation and cyclin D1 down-regulation in vitro, leading to G 1 arrest in MCL cell lines. Eventually, apoptosis ensues probably because of activation of Bad and the down-regulation of MCL-1 and BCL-X L . 39, 69 Recently, several PI3K isoform-specific inhibitors have entered clinical trials in NHL. However, the relative importance of the different PI3K isoforms in MCL pathogenesis is unclear. Although PI3K␦ is primarily activated by BCR signaling, PI3K␣ has been shown to be sufficient to support survival of B cells with defective BCR signaling. 71 ON-01910.Na, a styryl sulfone that shows activity against PI3K␣, reduced eukaryotic initiation factor 4E-mediated cyclin D1 mRNA translation and induced apoptosis in MCL cell lines. 72 CAL-101, a selective PI3K␦ inhibitor, reduced constitutive and BCR-induced AKT phosphorylation, resulting in apoptosis. It also inhibited CXCL12-induced migration of MCL cell lines. 73 In a phase 1 pilot study this oral compound achieved remissions in 6 of 7 patients with MCL. 125 Perifosine, a synthetic alkylphospholipid, targets the pleckstrin homology domain of AKT, thereby preventing its translocation to the plasma membrane. 74 It thus inhibits AKT without affecting the activity of PI3K or phosphoinositide-dependent kinase 1 (PDK1). Perifosine has shown preclinical activity in several cancers, including MM, 75 and is now undergoing clinical testing in MM, CLL, and lymphoma, including MCL. mTOR inhibitors. mTOR, a serine-threonine kinase downstream of AKT, forms the complexes, mTORC1 (mTOR-Raptor) and mTORC2 (mTOR-Rictor), which have distinct substrates and mechanisms of activation (Figure 4) . The best-known substrates of TORC1 are ribosomal protein S6 and 4E-BP1. Recent genetic studies in a murine model showed that phosphorylation of 4E-BP1 is a key step in the oncogenic pathway downstream of AKT/mTOR, whereas phosphorylation of S6 was dispensable. 76 Phosphorylation of 4E-BP1 leads to its dissociation from eIF4, resulting in increased translation of key proteins that includes cyclin D1, c-MYC, and MCL-1. The main substrate of mTORC2 is AKT.
Rapamycin and its analogs (rapalogs) are allosteric inhibitors of the mTORC1 complex that block some but not all mTORC1 functions and have no effect on mTORC2 (Table 2) . 77 Rapalogs do not induce apoptosis of MCL cells in vitro, [78] [79] [80] but most studies report induction of G 0 /G 1 arrest. The mechanisms of cell-cycle arrest have remained ill defined, and effects on cyclin D1 and p27 differ between different studies. 39, 80 One explanation for this variability could be that GSK-3␤, which promotes nuclear export and proteasomal degradation of cyclin D1, is inactivated by phosphorylation through either AKT or mTOR (Figure 2) . Thus, mTOR inhibitors will increase cyclin D1 proteolysis only when inactivation of GSK-3␤ is dependent on mTOR. 39 In a multicenter trial temsirolimus was superior to investigator's choice of monochemotherapy in relapsed MCL 81 and was subsequently approved for this indication by the European Medicines Agency. Clinical responses to rapalogs are mostly partial responses (PRs) in 20%-40% of patients, which are of relatively short duration. 79 ,81-83 Analysis of MCL tumor cells from patients during treatment with temsirolimus confirmed reduced S6 phosphorylation. However, there was no correlation to clinical response. 79 Explanations for the limited clinical activity of rapalogs are increasingly apparent. 76, 77 Rapalogs inhibit only some mTORC1 functions, and inhibition of S6 phosphorylation, while consistently detected, does not induce apoptosis and has only minimal effects on translation. Furthermore, rapalogs have no effect on mTORC2, which can activate AKT in a negative feedback loop. Thus, mTOR catalytic site inhibitors, which target mTORC1/2 equally, could be more effective.
NF-B pathway
The NF-B family of transcription factors, (p50/p105, p65/RELA, c-REL, RELB, and p52/p100) binds DNA as heterodimers and homodimers that activate the transcription of genes involved in survival, proliferation, and apoptosis. 84 The canonical pathway is activated through phosphorylation and consequent degradation of IB␣, a cytosolic inhibitor that sequesters p50 and RELA. Constitutive activation of the canonical NF-B pathway has been reported in MCL cell lines evidenced by the presence of pIB␣ and nuclear p65, p50, and c-REL (Figure 4 ). Gene-expression profiling of MCL patient samples showed frequent high expression of NF-B target genes that correlated with strong pIB␣ expression on tissue microarrays. 42,85 NF-B target genes highly expressed in MCL include the antiapoptotic proteins BCL-2, BCL-X L , XIAP, and cFLIP. 86, 87 Activation of the noncanonical pathway (p52, RELB) has been reported in some MCL cell lines (Granta-519, JVM-2, and NCEB), but this could be due to Epstein-Barr virus transformation. BCR engagement and TNF signaling in the lymphoma microenvironment may contribute inducible NF-B activation. NF-B signaling can also drive transcription of the TNF family member BAFF/BLyS, a potent B-cell survival factor that binds BAFF-R, BCMA, and TACI. BAFF in turn stimulates both canonical and alternative NF-B pathways, activating a positive feedback loop that could contribute to tumor cell survival. 43 Recently, BAFF-R has been detected in the nucleus of MCL cells, where it colocalized with inhibitor of nuclear factor B kinase ␤ (IKK␤) and cooperated in histone H3 phosphorylation. BAFF-R associated with c-REL, leading to an increase transcription of genes that promote cell survival and proliferation. 44 Constitutive activation of NF-B signaling may also be caused by the inactivation of TNFAIP3/A20, a ubiquitin-editing enzyme that acts as a negative regulator. TNFAIP3/A20 is often inactivated in MCL through genomic deletions, mutations, and increased promoter methylation. 88 Moreover, MCL cases showed mono-and bi-allelic deletions of FAF1, which inhibits p65 and IKK␤. 31 IKK inhibitors. In keeping with the role of NF-B in MCL survival, inhibitors of this pathway, such as BAY-117082, curcumin, or the IKK␤ inhibitor BMS-345541, have shown in vitro activity in MCL. 86, 87, 89 However, despite its preclinical promise it has apparently proven difficult to translate this class of compounds into the clinic, and except for curcumin no clinical trials of these compounds are currently ongoing. 90 Proteasome inhibition to block NF-B signaling. Inhibition of the NF-B pathway has initially been hypothesized as mechanisms of bortezomib-induced apoptosis. However, in MM it has recently been shown that bortezomib efficiently inhibits inducible but not constitutive NF-B activity and can even cause canonical NF-B activation. 52 Proteasome inhibitor-resistant NF-B activity has also been described in MCL. 53 However, in activated B celllike diffuse large B-cell lymphoma, an aggressive lymphoma having constitutive activation of NF-B, bortezomib appeared to sensitize cells to combination chemotherapy, 91 suggesting that NF-B inhibition may play a role in some tumors but not others. For personal use only. on April 13, 2017 . by guest www.bloodjournal.org From
WNT pathway
WNT signaling can occur through 2 main mechanisms, a canonical pathway through ␤-catenin ( Figure 5A ) and an alternative pathway leading to c-Jun N-terminal kinase activation. The canonical pathway is considered to be more relevant in cancer. 92 Microarray analysis provided a first indication that the WNT pathway may be activated in MCL. 40 Recently, nuclear expression of transcriptionally active ␤-catenin has been detected in MCL cell lines and tumor biopsies and correlated with GSK3␤ inactivation. 93 
Hedgehog pathway
Recent studies have suggested that stromally produced hedgehog proteins Indian hedgehog, sonic hedgehog (SHH), and desert hedgehog have a role in the proliferation of hematopoietic stem cells, lymphoid cells, and in B-cell malignancies. 95 The molecules associated with SHH signaling ( Figure 5B ) and its target transcripts PTCH, GLI1, and GLI2 are overexpressed in MCL primary cells compared with normal B cells. Interestingly, GLI is located at 12q13 and may be coamplified with CDK4 and MDM2 in some tumors. 45 Activation of PTCH by SHH may increase proliferation of MCL cells, an effect that could be inhibited by cyclopamine, a specific inhibitor of SHH-GLI signaling. Furthermore, downregulation of GLI transcription factors with the use of antisense oligonucleotides significantly reduced cyclin D1 and BCL-2 transcript levels, decreased proliferation of MCL cells, and increased their susceptibility to chemotherapy. 96 These results indicate a role for SHH-GLI signaling in MCL proliferation and identify the hedgehog pathway as a potential therapeutic target in MCL Antiapoptotic BCL-2 family proteins BCL-2 family proteins are key regulators of apoptosis, determining cellular fate in response to numerous insults ( Figure 6 ). 97 The BCL-2 pathway is deregulated in MCL; high-level copy number gains of the BCL2 locus at 18q21.3 are frequent, 31 high MCL1 expression is common in more aggressive tumors 98 and can be increased by AKT/mTOR signaling, and BCL-X L overexpression has been linked to constitutive activation of the NF-B pathway. 89 Furthermore, the proapoptotic BH3-only protein BIM is frequently inactivated through genomic deletions of the BCL2L11 gene. Homozygous deletions of the BCL2L11 locus are found in MCL cell lines (Jeko, Z138, SP53, UPN1, SP-49), and immunohistochemistry on tissue arrays showed the absence of BIM expression in 32% of primary tumors. 4, 99 Targeting BCL-2 family members to restore apoptosis. The recognition of the importance of the BCL-2 family proteins in cancer has sparked efforts to target these critical survival molecules. One approach has been to reduce BCL-2 expression with compounds affecting gene or protein expression. 100 A BCL-2 antisense oligonucleotide, oblimersen, 101 has undergone extensive clinical testing in various malignancies, including MCL. 102 However, despite encouraging preclinical data and some activity in clinical trials, the compound has repeatedly failed to gain FDA approval, 100 and clinical trial activity has virtually stopped. 90 In addition, oblimersen contains CpG motifs and acts as a Toll-like receptor 9 ligand, giving rise to many effects beyond BCL-2 inhibition. 100 The disappointing activity of oblimersen may be due to pharmacokinetic issues or redundancy within the BCL-2 system that makes inhibition of BCL-2 alone not very effective. A different strategy that may overcome this later limitation is based on small molecules directly inhibiting the function of BCL-2 antiapoptotic In the absence of WNT ligand, ␤-catenin is actively degraded through a protein complex called the "destruction box," where GSK3␤ phosphorylates ␤-catenin, targeting it for degradation by the proteasome. Binding of WNT to Frizzled (FZD)-low density lipoprotein receptor-related protein (LRP) receptor complexes at the membrane, induces the formation of Dishevelled (DVL)-FZD complexes that sequester Axin and GSK3␤, inhibiting the formation of the destruction box. This allows translocation of ␤-catenin to the nucleus where it dimerizes with TCF and LEF. 134 (B) Binding of SHH to patched (PTCH), allows smoothened (SMO) to transduce a signal into the cytoplasm that leads to the breakdown of a protein complex formed by Fused, SUFU, and the transcription factor GLI. GLI is thereby released and translocates into the nucleus. 135 Red symbols indicate molecules activated or overexpressed in MCL. Illustration by Paulette Dennis.
proteins. Several compounds have been isolated or chemically synthesized that mimic the action of BH3-only proteins and thereby promote apoptosis. Several such BH3-mimetics (ABT-737 [oral compound in clinical trials is ABT-263], AT-101, GX15-070) have shown in vitro and in vivo activity, both as single agents and in combination with proteasome inhibitors or conventional chemotherapy. [103] [104] [105] BH3-mimetic compounds differ in their specificity and affinity for various BCL-2 family members. 106 GX15-070 and AT-101 are considered pan-BCL-2 inhibitors and can antagonize MCL-1, which is up-regulated by proteasome inhibition. Thus, combination of these compounds with bortezomib yields synergistic antitumor activity. 105 In contrast, ABT-737 does not neutralize MCL-1 or A1/BFL-1, high expression of which may cause resistance to this BH3 mimetic. 107 
Microenvironment in MCL pathogenesis and immunomodulatory drugs
The microenvironment has been found to play an important role in the biology of several B-cell malignancies. There are some indications that tumor host interactions might be more important in MCL than is currently appreciated. First, MCL almost invariably involves the gastrointestinal tract, often only microscopically, but large tumors growing in the intestinal wall may cause presenting symptoms. This suggests that microenvironment factors determine disease localization or promote tumor cell expansion or both at these sites. Second, in vitro studies show that MCL cells interact with bone marrow stromal cells, and these interactions can contribute to chemoresistance. 108 Third, gene expression profiling showed increased expression of factors involved in cell-cell crosstalk such as CCL4 and TNFSF9 (4-1BB-L) in MCL cells compared with normal B cells. 109 An intriguing observation is that cell adhesion to bone marrow stromal cells can decrease the proteasomal destruction of the cell-cycle inhibitor p27, leading to reversible growth arrest. 110 Such a "dormant" state could protect cells from cytotoxic therapy and may provide an explanation how rapidly proliferating MCL tumors can remain in remission for years before relapsing again as a highly proliferative cancer.
The immunomodulatory drugs (IMiDs), thalidomide and lenalidomide, are active in MM. Although the precise mechanism of action is not understood, effects on the microenvironment either by disruption of tumor-stroma interactions or through activation of immune effector mechanisms are hypothesized to contributed to the therapeutic effect. 111 Recently, lenalidomide has been shown to improve formation of so-called "immune synapses" between CLL cells and autologous T cells, which could enhance immunemediated antitumor effects. 112 Phase 2 studies of single-agent lenalidomide in lymphoma have yielded promising results in MCL (Table 2) . 113 In the NHL-002 study lenalidomide induced responses in 53% of 15 heavily pretreated patients. The progression-free survival (PFS) of 5.6 months and the median diagnostic odds ratio of 13.7 months compares favorably with other treatment options for these patients. 113 In the international NHL-003 study the response rate in 57 patients with MCL was 42% with a median PFS of 5.7 months. 114 A study of thalidomide in combination with rituximab found a response rate of 81% and a PFS of 20 months in 16 patients with relapsed MCL. 115 Despite these encouraging results no follow-up study with the use of this combination has been reported.
Epigenetic regulation of tumor biology
In contrast to the detailed profiling of genetic lesions in MCL, epigenetic changes have only recently begun to be explored. Acetylation of histones leads to an open chromatin conformation that facilitates the access of transcription factors to DNA. In contrast, methylation of gene promoters can silence gene expression. Both acetylation and methylation can be altered in tumors and can contribute to disease pathogenesis. A recent study of DNA methylation in primary MCL identified several genes that were hypermethylated and thereby silenced in tumor cells compared with normal B cells. 116, 117 The DNA methyltransferase inhibitor decitabine not only reversed the aberrant hypermethylation but also synergized with a histone deacetylase inhibitor (HDACi) and induced cytotoxicity. 116 Several hypomethylated and thereby upregulated genes could play a pathogenic role, including NOTCH1, CDK5, and HDAC1. Surprisingly, the frequently observed methylation of CDKN2B did not correlate with increased tumor proliferation. 117 HDAC inhibitors. Hypoacetylation of histones is found in lymphomas compared with normal lymphoid tissue, and data suggest that transformed cells are more sensitive to HDAC inhibition than normal cells. 118 Studies with MCL cell lines have shown that suberoylanilide hydroxamic acid (SAHA), the only HDACi currently approved by the FDA, induces histone acetylation, up-regulates p21 and p27, causes cell-cycle arrest, and induces apoptosis. Interestingly, SAHA also reduced cyclin D1 expression at the protein but not mRNA level, through an unexpected inhibition of the PI3K/AKT/mTOR pathway. 119 There is compelling evidence that HDACis also affect the handling of misfolded proteins. HDAC6 is a key factor in the aggresome pathway, a proteasome-independent pathway of protein degradation. The aggresome pathway is up-regulated in response to proteasome inhibition, suggesting that simultaneous inhibition of both degradation pathways may result in an improved therapeutic effect. In this regard, preclinical data indicated a synergistic interaction between SAHA and bortezomib, resulting in increased reactive oxygen species generation and apoptosis. 120 Heat shock proteins, chaperones of tumor biology, and HSP90 inhibitors
Heat shock proteins (HSPs) are ubiquitously expressed chaperones that facilitate and guard the proteome from misfolding and aberrant aggregation. HSP90 is of particular interest because many of its clients are oncogenic signaling proteins, including cyclin D1, c-MYC, p53, CDKs, AKT, IB kinases, and survivin. HSP90 inhibitors displace the client proteins and target them for destruction by the proteasome system. 121 Resultant depletion of essential oncoproteins can induce cell-cycle arrest and apoptosis. HSP90 in tumor cells is present entirely in active, complexed form, rendering cancer cells more sensitive to HSP90 inhibitors than normal cells. HSP90 inhibitors have been a focus of drug development for more than 10 years, but no compound of this class has gained clinical approval. 122 The first generation of HSP90 inhibitors 17-AAG and 17-DMAG are derivatives of the natural product geldanamycin. Most clinical trials used 17-AAG, showing moderate antitumor activity, which in part may be due to poor water solubility. 122 Additional 17-AAG derivatives and several synthetic HSP90 inhibitors have been developed and could overcome some of the limitations of the older compounds. HSP90 inhibitors may be of particular value in combination with proteasome inhibitors. For example, IPI-504 synergized with bortezomib in a MM xenograft model 123 and is active against bortezomib-resistant MCL cells possibly because of the down-regulation of the endoplasmic reticulum chaperone BIP/GRP78. 124 An intriguing feature of this combination is that HSP90 inhibitors may reduce the neurotoxicity observed with bortezomib. 122 
Outlook
Progress is being made! Although median survival of MCL has typically been in the range of 3-4 years, recent series have reported 5-7 years. 8, 9 In addition to the introduction of dose-intensified regimens, the advent of effective salvage treatments has probably made a major contribution. To optimize the use of novel agents discussed in this review it will be imperative to incorporate comprehensive translational studies into clinical trials. Keep in mind that of the 3 classes of novel agents available for the treatment of relapsed patients, namely proteasome inhibitors, mTOR inhibitors, and lenalidomide, we still have only a limited understanding of their mechanisms of action and determinants of efficacy. In recent years MCL has been recognized as a heterogeneous disease with an extremely variable clinical course, making it essential to identify the patient subsets that are most likely to respond to distinct therapeutic approaches. Heading toward further improvement of therapy, the limiting step may be patient participation in well-designed clinical trials, which incorporate comprehensive analyses of tumor samples. This is a prerequisite to unravel disease heterogeneity, develop predictive markers, and advance therapeutic options. Thus, patients with MCL should be encouraged to enroll in clinical trials with a strong translational research program. 
